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Abstract— This paper presents the design and character-

ization of a new series elastic actuator (SEA) for physical

human-robot interaction (pHRI) featuring a compact spring

mechanism. The spring mechanism consists of ten compression

springs, fitted on output rotors and arranged in a curved

formation. The compression springs are enclosed in spring

chambers featured in input rotors. This design reduces fric-

tional losses and enables all springs to bear load bidirectionally

with minimal preload relative to conventional designs that

rely on antagonistic spring arrangements, thereby enhancing

deflection range and torque capacity. We introduce the SEA

design and experimentally characterize the passive torque-

deflection curve and the closed-loop torque tracking bandwidth.

Bench testing demonstrates a torque capacity of 18 Nm and

a maximum stiffness of 43.8 Nm/rad. As a representative

application, the SEA is integrated into an ankle exoskeleton,

with the spring mechanism co-located at the ankle joint.

Treadmill walking tests with the exoskeleton indicate good

torque tracking performance, with a root-mean-square error

of 1.48 Nm when applying 12% assistance, corresponding to a

peak torque of 17.6 Nm.

Index Terms— Series elastic actuator (SEA), bidirectional

torsional spring, actuator design, physical human-robot inter-

action, wearable robotics.

I. INTRODUCTION

Series Elastic Actuators (SEAs) are commonly used in
robots designed for physical human-robot interaction (pHRI),
including humanoid robots [1], service robots [2], and those
developed for assistive [3] and rehabilitation [4]. Key ad-
vantages of integrating a spring element in series with
the actuation system include precise control of interaction
forces, backdrivability, and enhanced operational safety by
decoupling a device’s end effector from motor inertia [5].
The elastic element is a critical component of an SEA, as it
determines its range of actuation and torque resolution, and
affects its closed-loop bandwidth [3]. A compliant spring
allows for accurate torque feedback from displacement mea-
surements. However, higher compliance necessitates larger
spring deformations to achieve large torques, such as those
required in rehabilitation and assistive robots [6]. Therefore,
designing an elastic element requires a trade-off between
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compliance and torque capacity, and developing compliant,
compact, and lightweight SEAs with high torque capabilities
remains a challenge [7].

Several research groups have focused on balancing com-
pactness, torque capacity, and passive deflection range
through monolithic torsional springs [8]. Designs featuring a
monolithic spring with one or more spiral arms connecting
a center bore to an outer rim enable a wide stiffness range
but offer limited passive deflection [6], [9]–[16]. Recent two-
element designs use equally spaced cantilever beams, with
one end allowed to rotate at the interface with a camshaft,
and the other end fixed to a rim [8]. This method improves
the energy density of monolithic structures by enabling
larger deformations (→12°). However, sliding contacts be-
tween the outer rim and camshaft introduce hysteresis in the
torque–deflection response [8].

An alternative SEA architecture relies on arrays of com-
pression springs arranged in antagonistic pairs within pris-
matic configurations [17]–[19] (Fig. 1-a). While compact,
this arrangement typically produces non-linear stiffness. Im-
proved linearity can be achieved using tensile spring arrays,
though at the expense of torque capacity [20], [21]. In either
case, the initial preload in the antagonistic pairs constrains
the allowable deflection range, limiting the SEA’s passive
capacity [18]. A curved spring topology (Fig. 1-b) was
proposed in [22] to achieve linear stiffness within a compact
form factor. However, like prismatic layouts, the antagonistic
arc configuration limits the passive deformation range based
on the required spring preload. Because displacement of one
spring necessitates a reciprocal displacement in its pair, the
preload must be centered between the spring’s maximum
compression and its free length to maximize the bidirectional
deflection range.

In this paper, we introduce the Elastic Spinners, a novel
SEA spring that employs linear compression springs ar-
ranged in a curved formation on two coaxial, rigidly con-
nected output rotors. The output rotors, implemented as thin
plates, rotate relative to an input rotor assembly to concur-
rently deflect all springs within their respective chambers in
the same direction and by an equal amount. This architecture
minimizes sliding friction and enables all springs to bear
load bidirectionally with minimal required preload. As a
result, the mechanism achieves high torque capacity with low
hysteresis, a linear bidirectional torque–deflection response,
and an extended deflection range.

The remainder of this paper is structured as follows. The
design of Elastic Spinners is presented in Section II, while
its passive stiffness response is analyzed in Section III. Sec-
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Fig. 1. Examples of SEA spring arrangements previously presented in the
literature featuring antagonistic spring pairs: (a) conventional compression
springs; and (b) curved compression springs.

tion IV introduces a SEA integrating Elastic Spinners, and its
dynamic characterization. Section V discusses implications
and concludes the paper.

II. DESIGN OF ELASTIC SPINNERS

A. Design Overview

As shown in Fig. 2-a,c, Elastic Spinners consists of an
input rotor assembly and a pair of rigidly-connected output
rotors housed within the input rotor assembly. The input
rotor assembly comprises a middle plate and two cover
plates featuring complementary cutouts that form spring
chambers, providing sufficient clearance to prevent sliding
contact between the springs and the chamber walls during
operation (Fig. 2-b). The output rotors are mounted on
an output shaft supported by bearings with extended inner
rings, enabling them to rotate with respect to the input
rotor. Three auxiliary torque links (Fig. 2-a) are used to
transmit the generated torque. Each output rotor is machined
as a thin plate and featured with five arc cutouts arranged
circumferentially. The arc length of these cutouts ensures
sufficient preload (Sec. II-B). Clearance gaps in the arc
cutouts accommodate spring buckling during deformation
(Fig. 2-d,e). Together with the lateral cutouts in the spring
chambers, these clearance gaps eliminate sliding contacts
across the springs’ deflection range. As the output rotors
rotate relative to the input rotor assembly, all springs deflect
by the same amount, generating a reaction torque on the
output rotors, which is transmitted to the torque links and
output shaft.

The output shaft is made of stainless steel (AISI 303) and
the torque links are made of alloy steel. The output rotors are
made of aerospace-grade aluminum alloy (7075-T6), chosen
for its high strength-to-weight ratio and light weight, while
the input rotor assembly is made of 6061 aluminum alloy.
The design of the output rotors was refined through iterative
finite element analysis to achieve a fatigue life of 133,732
cycles (top-right inset in Fig. 2-c). Considering the intended
application in an ankle exoskeleton for gait rehabilitation
(Sec. IV), and a maximal assistance of 18 Nm once per
gait cycle, the elastic element would need to be replaced
after approximately 50 rehabilitation sessions (assuming a

nominal pace of 120 steps per minute and a standard 45-
minute PT exercise session), which was deemed appropriate.

B. Stiffness Model
In this section, the design workflow to obtain an Elastic

Spinners with desired stiffness and passive deflection range is
presented. The following simplifying assumptions are made:
(i) all compression springs are identical; (ii) spring buckling
has negligible effect on the linear stiffness response of each
spring. Motivated by the application to a powered ankle
exoskeleton for gait rehabilitation (Fig. 2-f), we set the
design peak torque to ωmax = 18 Nm and its deformation
range to !εmax = ±24→. The selected ωmax corresponds to
approximately 15% of the peak ankle plantarflexion torque
for a 75 kg adult male walking at normal pace, while
!εmax exceeds the expected plantar- and dorsi-flexion range
during walking [23]. To simplify the low-level control of
the SEA, a linear torque-deflection response in the elastic
element is desirable [6]. The most compliant linear elastic
element that achieves both requirements has a target passive
torsional stiffness KES = 42.97 Nm/rad. To achieve the
target KES and !εmax within a compact design, we rely
on a set of N identical helical compression springs arranged
circumferentially on the output rotor of the elastic element.
The passive torsional stiffness of each spring is estimated
using the model of an arc helical spring with circular cross-
section subjected to circumferential force [24]

Kac =
Gd

4
R

2

8D3n
, (1)

where D and d are the average diameter of the spring and
the diameter of the spring wire, respectively, R is the radius
of the circumference along which the coil axis of the helical
spring lies, n is the number of active coils, and G is the
shear modulus. Because all springs in the output rotors act
in parallel, the desired torsional stiffness for each spring is

Kac =
KES

N
(2)

Conventional linear compression springs were chosen over
arc springs, as they are widely available and avoid reliance
on specialized components. Comparing (1) to Wahl’s model
of axially-loaded cylindrical helical spring [25], we obtain
the design linear stiffness Kcc for each compression spring:

Kcc =
Kac

R2
(3)

The total elastic torque is

ω = NKccR
2!ε, (4)

where !ε is the deflection angle. To enable a maximum
deflection angle !εmax, the free length Sf and the solid
length Sl of each compression spring must satisfy

(Sf ↑ Sl) ↓
(
R↑ D

2

)
!εmax + ϑ, (5)

where ϑ indicates the spring preload. The mechanical prop-
erties of the selected spring are summarized in Tab. I.

17977



R
1 2 3

 52
° 

187

171

152

133

114

95

76
57

38
19

0

(a) (b) (c)

(d) (e) (f)

Compression
Spring

Torque Link

Output
Shaft

Output Rotors

Input Rotor Assembly Spring Seats

Output Rotor

Lateral Cutouts

Clearance Gaps

Spring Chamber
Input Rotor AssemblyCover Plate
Middle Plate

Output Rotor Torque Link

Position
Sensor

Fastener
Compression

Spring Spring Chamber

Elastic Spinners

Ca
bl

e-
Dr

ive
n 

An
kl

e 
Ex

os
ke

le
to

n2.30mm
7.62mm

Springs Mounted in Arc Formation (R = 31mm)

Clearance Gap

Sp
rin

gs
 P

os
iti

on
ed

 C
irc

um
fe

re
nt

ia
lly

Cover Plate
Output Rotor

von Mises [MPa]
Max. Sa

Fig. 2. Design of Elastic Spinners: (a) Sectional view illustrating the output rotors enclosed within the input rotor assembly; (b) Sectional view of a
spring chamber; (c) Exploded view, showing the components of Elastic Spinners; (d) Springs installed circumferentially on an output rotor with preload;
(e) Progressive deformation of a compression spring (bottom row), showing the clearance gap between the spring coils and the cover plate (top row); (f)
Elastic Spinners mounted on a powered ankle exoskeleton.

Considering the shear modulus of AISI 316 Stainless Steel
(G =74.23 GPa), and a radius R = 31 mm to achieve a com-
pact design suitable for wearable applications, the calculated
spring torsional stiffness is 4.6 Nm/rad. Thus, a dual-rotor
design with 5 springs mounted on each output rotor results
in an overall calculated stiffness of 46 Nm/rad, which is a
good approximation of the target value KES. Furthermore,
(5) indicates that the selected spring can achieve !εmax with
a small preload of ϑ → 3 ↑ 4 mm. This represents a two-
to three-fold reduction compared to the preload required by
a conventional curved spring antagonistic design (Fig. 1-b)
featuring the same springs (and therefore yielding the same
equivalent stiffness). This minimal preload is sufficient to
keep the springs seated against each output rotor and avoid
backlash. When combined with a rotor architecture that en-
ables all springs to deflect in the same direction, this reduced
preload substantially enhances bidirectional deflection range.
The resulting specification of Elastic Spinners are listed in
Tab. II.

III. PASSIVE STIFFNESS CHARACTERIZATION

Experimental characterization was carried out to measure
the passive stiffness of Elastic Spinners. In the test setup
(Fig. 3-a), the input rotor assembly was fixed to a stationary
frame, while the output shaft was connected to a torque
sensor via a flange. The deformation of Elastic Spinners
was measured using a position sensor (micro-optical encoder

E16, US Digital, USA) with 16384 pulses per revolution. A
custom-made data acquisition and conditioning (DAQ) board
that includes a 32-bit microcontroller (Teensy 3.5, PJRC,
USA), an EtherCAT shield (EasyCAT Pro, AB&T Srl, Italy),
and a 12-bit ADC (AD7890ANZ-10, Analog Devices, USA)
was connected to a real-time target machine (Unit, Speedgoat

TABLE I
ELASTIC SPINNERS’ COMPRESSION SPRING

Free Length 31.75 mm
Compressed Length @Maximum Load 12.217 mm
Passive Stiffness/Spring Rate 3654.9 N/m
Outer Diameter 7.62 mm
Inner Diameter 5.54 mm
Wire Diameter 1.04 mm
Active Coils (n) 8
Material AISI 316

TABLE II
SPECIFICATIONS OF ELASTIC SPINNERS

Maximum Diameter 82 mm
Thickness 18.5 mm
Weight 0.217 kg
Measured Passive Stiffness 43.8 Nm/rad
Energy Capacity 3.8 J
Specific Energy 17.24 J/kg
Peak Torque 18 Nm
Max Passive Deflection ±0.42 rad (±24↑)
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Fig. 3. (a) Test rig used to evaluate the torque-deflection response of Elastic
Spinners. (b) Test rig used to evaluate the SEA dynamic response.
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Fig. 4. (a) Applied deflection (left) and corresponding measured torque
(right). (b) The passive response of Elastic Spinners is approximately linear
over a useful deformation range of ±24 deg (43.8 Nm/rad, 0.765 Nm/deg).

GmbH, Switzerland), allowing data collection from position
and torque sensors over EtherCAT bus at 1 kHz.

Using a torque handle connected to the torque sensor, an
experimenter applied an approximate sinusoidal trajectory
spanning the useful deformation range of Elastic Spinners.
Passive stiffness and hysteresis were quantified using data
collected from 29 bidirectional loading and unloading cycles.

As shown in Fig. 4, Elastic Spinners meets the desired
deformation range of ±24→. The measured stiffness (43.83
Nm/rad, or 0.765 Nm/deg) matches the target value KES

within 2.0% and is only 4.7% lower than the model pre-
diction (Sec. II-B). The average percentage energy loss,
estimated over a total of 29 loading/unloading cycles, was
2.87%, indicating minimal hysteresis.

IV. DYNAMIC RESPONSE CHARACTERIZATION

A. Experimental Setup
To evaluate the dynamic performance of Elastic Spinners,

the elastic element was integrated in a cable-driven SEA
(Fig. 3-b). The SEA comprises a brushless DC (BLDC)
motor (EC90-flat, 600 W, Maxon Group, Switzerland) with

ke
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Fig. 5. Cascaded torque–velocity controller (red box) and preliminary
assistive controller for the ankle exoskeleton.

integrated encoder (Maxon Mile Encoder) featuring 4096
counts per turn, a motor driver (Maxon EPOS4 Compact
50/15 EtherCAT), as well as the real-time target machine and
the DAQ board described in Sec. III. The target machine, the
motor driver, and the DAQ communicate over EtherCAT bus
at 1kHz. In the testing apparatus, a cable loop connects a
threaded spool fixed on the shaft of the BLDC motor to the
input rotor assembly. The threaded spool, which is supported
by a sleeve to reduce radial loads on the motor shaft,
allows for cable winding/unwinding without overlapping.
The effective diameters of the input rotor assembly and the
threaded spool are 76.6 mm and 12.4 mm, respectively,
yielding a transmission ratio of 6:1. A cascaded torque-
velocity controller was implemented to enable closed-loop
torque control of the SEA for frequency response (Sec. IV-B)
and virtual impedance rendering (Sec. IV-C) characterization.
The gains for the inner loop velocity controller were auto-
tuned using EPOS Studio v3.7, whereas the outer loop gains
were tuned manually.

Subsequently, the SEA was installed on the shank module
of a cable-driven ankle exoskeleton [26], and a simple
assistive controller was implemented for early human testing
(Sec. IV-D), based on a fixed ankle torque profile. The ankle
plantar- and dorsi-flexion angle, measured using a position
sensor fitted at the medial malleolus, was fed to a pool of
adaptive frequency oscillators, which continuously estimate
the gait phase [27]. The output of the oscillators was aligned
with the wearer’s initial contacts (heel strikes) using the
readings from an in-shoe force sensitive resistor, and fed
to a lookup table (LUT) that stores the normative ankle
biomechanical moment as a function of the gait phase [23].
The output of the lookup table was then scaled by a fixed
assistance level ka to obtain the desired assistive torque ωd,
as shown in Fig. 5.

B. Frequency Response
Frequency response analysis was conducted under infinite

output impedance conditions (i.e., locked output shaft). To
this end, the output shaft and torque links were fixed to a
frame (Fig. 3-b) and the input rotor assembly was excited
using three chirp signals with torque amplitudes of 6 Nm,
9 Nm, and 12 Nm. Each torque amplitude was swept
across frequencies ranging from 0 to 20 Hz. In Fig. 6
(left), a representative chirp torque signal ωd with 12 Nm
amplitude is shown, along with the measured response ωm.
The transfer function HSEA (jϖ) = ωm

ωd
was estimated using

MATLAB System Identification Toolbox for each applied
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Fig. 7. Virtual stiffness rendering. (a) Virtual spring with null stiffness
(zero impedance test). (b) Virtual Spring with one-third of Elastic Spinners’
passive stiffness (14.33 Nm/rad). (c) Virtual Spring with two-thirds of
Elastic Spinners’ passive stiffness (28.67 Nm/rad, left of dashed vertical
line) and maximum stiffness (43.8 Nm/rad, right of vertical dashed line).

torque magnitude. The resulting Bode plots, shown in Fig. 6
(right), indicated a closed-loop bandwidth of 15.05 Hz for 6
Nm, 9.67 Hz for 9 Nm, and 8.49 Hz for 12 Nm of applied
torque. The corresponding phase lags at fBW were ↑117.0
deg, ↑90.1 deg, and ↑76.3 deg, respectively. These results
highlight stable closed-loop behavior and very good dynamic
performances.

C. Virtual Impedance Rendering

Tests were performed to evaluate the SEA’s ability to
render virtual torsional springs with different stiffness values.
A torque handle was installed on the output shaft of Elastic
Spinners, using the setup shown in Fig. 3-b. During testing,
the handle was manually rotated by an experimenter to gen-
erate a quasi-periodic perturbation by following a reference
signal displayed on a screen, whose frequency and amplitude
(0.5 Hz, 30 deg) were selected to ensure a comfortable
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Fig. 8. (a) Healthy individual walking on a treadmill at 1.0 m/s while
wearing an ankle exoskeleton fitted with Elastic Spinners, with assistance
gain set to ka = 12%. (b) Average profiles of ωd (black) and ωm (blue),
with colored shades indicating ±1 SD. The RMSE was 1.48 Nm, indicating
very good torque tracking.

tracking at different stiffness values. The commanded torque
was set to ωd = kvs (ε ↑ ε0), where kvs is the desired virtual
stiffness and ε0 = 0 rad indicates the unperturbed position
of the virtual spring. In the first test (Fig. 7-a), kvs was set
to a null value to assess the SEA’s transparency [28]. The
measured interaction torque ωm exhibited small fluctuations
that peaked at each inversion of motion within ±0.25 Nm.
The root mean square error (RMSE) was 0.135 Nm, which
is approximately 0.75% of Elastic Spinners’ torque capacity.
In the subsequent tests, the SEA was commanded to render
a virtual spring with discrete stiffness values: kvs = KES/3
(Fig. 7-b), kvs = 2KES/3 (Fig. 7-c, left of dashed line), and
kvs = KES (Fig. 7-c, right of dashed line). The RMSE was
0.704 Nm, 0.985 Nm, and 2.138 Nm for the three stiffness
values, respectively. Overall, these values suggest that the
system was able to render a wide range of stiffness values,
with good fidelity, across its allowable range.

D. Assisted walking
An able-bodied individual (31 year old male, 175 cm

height, 77 kg weight) walked on a treadmill at 1.0 m/s
(Fig. 8-a). The exoskeleton was controlled in assistive mode,
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TABLE III
COMPARISON OF DIFFERENT DESIGNS TORSIONAL SPRINGS

Reference Elastic
Element Type

Stiffness
(Nm/rad)

Max. Torque
(Nm)

Passive
deflection

(deg)

Weight
(g) D/T (mm)

Zhao et al. [21] Spring array
(compression) 64.74 11.3 ± 10 850 96/-

Lv et al. [22] Curved springs 23.76 - - - -/-

Toubar et al. [18] Spring array
(compression) 17.2/36.2/54.4 45 (clutch

maximum) ±4.5 - 140/-

Tiseni et al. [20] Springs array
(tension) 70.4 7.99 ±12.7 - 130/-

Tsagarakis et al. [17] Springs array
(compression)

Modulated
Stiffness 40 ±10.3 520 70/80

Bons et al. [8] Two-element
monolithic 150 (Average) - ±12.6 57.3 67/4.5

Carpino et al. [6] Monolithic 98 7.68 ±4.47 61.5 85/3

This work
Spring array

(compression) 43.8 18 ±24 200 82/18.5

with ka = 12%. Figure 8-b shows the average profiles of
ωd and ωm. The average per-stride peak torque was 17.6
Nm, while the RMSE was 1.48 Nm, corresponding to
approximately 8% of the peak torque, likely due to slack
and friction in the Bowden sheaths.

V. DISCUSSION AND CONCLUSION

This paper presented the design and characterization of
Elastic Spinners, a novel bidirectional torsional spring for
rotary SEAs. The mechanism features dual output rotors
enclosed within an input rotor assembly, interconnected
by identical compression springs arranged circumferentially
with minimal preload. Compared with state-of-the-art SEA
torsional springs (Table. III), this configuration yields a
compact form factor (outer diameter: 82 mm, thickness:
18.5 mm) with a linear stiffness response (43.8 Nm/rad)
across a wide passive deflection range (±24 deg), while
achieving high torque capacity (18 Nm) and low frictional
losses (2.87%).

Elastic Spinners differs from conventional antagonistic
designs, where motion in one direction compresses one set
of springs while concurrently releasing the opposing set
[17], [22]; such designs constrain passive deflection by the
requirement that both sets of springs remain within their
allowable deformation ranges. In contrast, all springs in
Elastic Spinners deform in the same direction. This allows
for a minimal preload that consumes only a small fraction of
the available spring stroke, maximizing the remaining travel
for passive deflection.

Elastic Spinners exhibited lower energy losses than those
reported in [8], despite providing a passive deformation range
more than 1.5 times greater than that design. A plausible
explanation lies in the minimal sliding friction between
the compression spring coils and their chambers, achieved
through chamber designs incorporating sufficient clearance
gaps and arc cutouts, which reduce coil–wall contact during
compression. Furthermore, clearance gaps in the arc slots

of the output rotors accommodate slight deviations from
ideal circular arcs as the springs deform, preventing sliding
between the coils and the output rotors. Additionally, each
output rotor is seated against the extended inner ring of
a bearing, ensuring axial clearance between the inner and
outer rotors and substantially reducing frictional forces as the
rotors rotate relative to one another. By contrast, the two-part
cantilever design in [8] introduces sliding contacts between
the outer rim and camshaft, resulting in more pronounced
energy losses (5%).

The low friction and reduced rotor inertia of Elastic
Spinners, combined with a gearless actuator and a cable
loop realizing a moderate transmission ratio, contributed to
excellent SEA dynamic performance. The torque bandwidth
exceeded 8.4 Hz at 75% of torque capacity, demonstrating
improved performance relative to existing SEA whose pas-
sive stiffness is within the same order of magnitude, such
as the monolithic designs in [29] and [11], at both high
(12 Nm) and moderate (6 Nm) torque amplitudes, despite
the monolithic designs having higher passive stiffness (82
to 119 Nm/rad). Although higher bandwidth values have
been reported in the SEA literature (e.g., 39.6 Hz for an
elastic element based on linear tension springs in [20]), these
designs are typically intended for low-torque applications
and are therefore tested with smaller-amplitude chirp inputs
(e.g., 1 Nm amplitude for the design in [20]).

The high bandwidth of this SEA makes it a strong candi-
date for pHRI applications. Bench testing demonstrated high
fidelity in rendering virtual impedances across the feasible
range [0,KES], while a preliminary treadmill-walking test
with the SEA integrated into an ankle exoskeleton showed
relatively small tracking errors (1.48 Nm RMSE) when
exerting 98% of its torque capacity.

Future work will examine the performance of Elastic Spin-
ners in multi-rotor configurations and with higher-stiffness
linear compression springs. Both approaches are expected
to enhance the torsional stiffness of the dual-rotor design
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presented here, while maintaining its deformation range. In
parallel, gait-training studies with healthy individuals are be-
ing carried out to assess the feasibility of new reinforcement
learning-based pHRI controllers for the ankle exoskeleton
used in this work, aimed at improving the wearer’s walking
speed [30], [31], while proof-of-concept trials in clinical
populations are anticipated in the near future.
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